INTRODUCTION
The concept of fetal programming originally developed from human epidemiological data linking low birth weight and poor maternal nutrition to an increased incidence of adult diseases, such as coronary heart diseases, stroke, diabetes, and hypertension (Barker et al., 2002) . Fetal programming, also called developmental programming or fetal developmental programming, is the response to a specific challenge to the mammalian organism during a critical developmental time window that alters the trajectory of development qualitatively, quantitatively, or both, with resulting persistent effects . Studies linking fetal programming to animal performance in livestock and other experimental species were initiated fairly recently. In these studies, both malnutrition and overnutrition during gestation have been found to affect offspring growth performance (Bispham et al., 2003; Benyshek et al., 2004; Symonds et al., 2004; Desai et al., 2005; Fernandez-Twinn et al., 2005 , 2006 Bieswal et al., 2006; King, 2006; Zambrano et al., 2006; Ford et al., 2007) . Therefore, in addition to genetic background, proper fetal development is important to maximize the growth potential of animals.
Meat animals are raised for their skeletal muscle. The fetal stage is crucial for skeletal muscle development because there is no net increase in muscle fiber numbers after birth (Stickland, 1978; Zhu et al., 2004) . Therefore, a decrease in the number of muscle fibers because of fetal programming permanently reduces muscle mass and negatively affects animal performance.
Marbling (i.e., intramuscular fat) is crucial for meat palatability, and fetal life is a major stage for generation of intramuscular adipocytes , which provide the sites for intramuscular fat accumulation or Fetal programming of skeletal muscle development in ruminant animals marbling formation during fattening. Thus, fetal programming also affects marbling in offspring cattle. In this review, we summarize recent progress in the field of fetal programming of skeletal muscle development, focusing on myogenesis and intramuscular adipogenesis, as well as the effects of fetal programming on the growth performance and meat quality of offspring, and their implications for the beef cattle industry.
DEVELOPMENTAL PROGRAMMING OF SKELETAL MUSCLE

Fetal Skeletal Muscle Development
Skeletal muscle development is initiated during the embryonic stage (Cossu and Borello, 1999) . A portion of mesenchymal stem cells commit to the myogenic lineage as a result of receiving signals from neighboring tissues (Kollias and McDermott, 2008) . Signals such as Wingless and Int (Wnt) and Sonic hedgehog regulate expression of paired box (Pax) 3, Pax7, and Glioma-associated oncogene homolog 1 (Gli; KassarDuchossoy et al., 2005) , which then initiate expression of myogenic regulatory factors (MRF; Munsterberg et al., 1995; Stern et al., 1995; Petropoulos and Skerjanc, 2002) . During the embryonic stage, a portion of cells in the mesoderm first express Pax3 and Pax7, and then these cells express the MRF myogenic factor-5 (Myf5), and myogenic differentiation 1 (MyoD; Buckingham, 2001) . Subsequently, the proliferating myoblasts undergo differentiation, a process that includes withdrawal from the cell cycle and expression of muscle-specific genes. Myoblasts also initiate the expression of another important MRF, myogenin, which is necessary for the formation of multinucleated myotubes. Together, the various MRF cooperate to regulate myogenesis, forming a mature muscle fiber (Keren et al., 2006; Kollias and McDermott, 2008) .
Primary myofibers form during the initial stage of myogenesis in embryonic development (Figure 1 ). Secondary myofibers form during the second wave of myogenesis in the fetal stage ( Figure 1 ) and account for the majority of skeletal muscle fibers (Beermann et al., 1978) . Postnatal muscle growth is mainly due to an increase in muscle fiber size without forming new muscle fibers (Stickland, 1978; Karunaratne et al., 2005) . Satellite cells are located between the basal lamina and the sarcolemma of the mature muscle fibers; their proliferation and fusion with existing muscle fibers are crucial for postnatal muscle growth (Kuang et al., 2007) . Satellite cells are a group of cells with different degrees of myogenic commitment. A small percentage of these cells are multipotent and can differentiate into adipocytes or fibroblasts instead of myogenic cells (Aguiari et al., 2008; Kuang et al., 2008; Yablonka-Reuveni et al., 2008) .
Because the majority of muscle fibers form during the fetal stage, muscle development during this stage is vulnerable to many perturbations, including nutrient deficiency (Zhu et al., 2004) . The formation of secondary myofibers partially overlaps with the formation of intramuscular adipocytes and fibroblasts. Together, these 3 cell types-myocytes, adipocytes, and fibroblasts-produce the basic structure of skeletal muscle. Because the majority of myocytes, adipocytes, and fibroblasts in fetal muscle are derived from the same pool of mesenchymal stem cells in fetal muscle, defining mechanisms regulating mesenchymal stem cell differentiation in fetal muscle is pivotal to improving animal production efficiency.
Fetal Developmental Programming of Skeletal Muscle Fiber Size, Number, and Type Composition
Maternal nutrition programs fetal development, especially skeletal muscle development. Skeletal muscle has less of a priority in nutrient partitioning during fetal development when compared with organs such as the brain, heart, and liver. As a result, skeletal muscle development is particularly vulnerable to nutrient availability (Zhu et al., 2006) .
In the bovine fetus, primary muscle fibers form within the first 2 mo postconception (Russell and Oteruelo, 1981) . However, because only a very limited number of muscle fibers are formed during this stage, maternal nutrition in early development has negligible effects on fetal skeletal muscle development. Conversely, the majority of muscle fibers form in the fetal stage between 2 mo and 7 or 8 mo of gestation in cattle (Russell and Oteruelo, 1981) , and a reduction in the formation of muscle fiber numbers during this stage has long-lasting, irreversible negative physiological consequences for offspring ( Figure 1 ; Stannard and Johnson, 2004; Zambrano et al., 2005; Zhu et al., 2006) . A restriction of nutrients to 50% of NRC requirements (NRC, 1985) from d 28 to d 78 of gestation in sheep was shown to reduce the total number of secondary muscle fibers, as well as the ratio of secondary to primary muscle fibers (Zhu et al., 2004) . This observation was confirmed in a subsequent study (Quigley et al., 2005) . As a consequence, the number of muscle fibers in 8-mo-old lambs born to nutrient-restricted mothers was less than that in control lambs (Zhu et al., 2006) . In the pig, undernutrition in utero results in low birth weight and decreased numbers of muscle fibers (Dwyer et al., 1994) . Similar results have been observed in guinea pigs (Ward and Stickland, 1991) . These results clearly show that nutrient deficiency from early to midgestation in ruminant animals reduces muscle fiber number and muscle mass, negatively affecting the growth performance of offspring.
Skeletal muscle matures during late gestation in sheep (approximately d 105 of gestation) and cattle (approximately d 210 of gestation), and nutrient restriction after this stage has no major impact on muscle fiber number ( Figure 1 ). Maternal nutrient restriction during late gestation reduces fetal sheep muscle fiber size, but not number (Greenwood et al., 1999) . When the fetal muscle growth of sheep with single and twin pregnancies was compared, the competition between littermates for nutrients during late gestation was found to affect fetal skeletal muscle mass, but to limit only muscle fiber hypertrophy and not hyperplasia (McCoard et al., 2000) . A low plane of maternal nutrition during the last two-thirds of pregnancy reduces neonatal calf BW (Freetly et al., 2000) , likely as a result of a reduction in muscle fiber size, as well as fiber numbers.
The Fetal Stage Is the Most Efficient Stage to Increase Marbling in Beef Offspring
Intramuscular fat (i.e., marbling) is crucial for the palatability of beef because marbling contributes to both flavor and juiciness. The amount of intramuscular fat is determined by the number and size of intramuscular adipocytes. As discussed previously, during the fetal stage both skeletal muscle cells and adipocytes are derived from the same pool of mesenchymal stem cells, from which the majority develop into myogenic cells. However, a small portion of these cells in fetal skeletal muscle differentiate into adipocytes, to form the sites for intramuscular fat accumulation that produce the marbling in offspring . Adipogenesis is initiated around midgestation in ruminant animals (Feve, 2005; Gnanalingham et al., 2005; Muhlhausler et al., 2007) , which overlaps with the period of secondary myogenesis (Figure 1 ). Thus, maternal nutritional management, which enhances the number of mesenchymal cells committed to adipogenesis, will increase the number of intramuscular adipocytes and thus marbling. This stage of fetal development is also associated with fibrogenesis. Fibroblasts developed during this stage synthesize connective tissue that forms the endomysium, perimysium, and epimysium in fetal skeletal muscle at late gestation. Until now, most studies regarding myogenesis have focused on primary myogenesis, whereas the mechanisms regulating the formation of secondary muscle fibers, adipocytes, and fibroblasts have been poorly studied. Considering the importance of intramuscular adipogenesis and fibrogenesis in marbling and connective tissue development, studies to understand their generation and development in fetal skeletal muscle are imperative.
Adipogenesis is regulated by several transcription factors, including C/EBP and PPARγ. During the first phase of adipogenesis, C/EBPα is induced and binds directly to the promoter of PPARγ to induce its ex- Figure 1 . Effects of maternal nutrition on bovine fetal skeletal muscle development. The dates are estimated mainly based on data from studies in sheep, rodents, and humans and represent the progression through the various developmental stages. Nutrient restriction during midgestation reduces muscle fiber numbers, whereas restriction during late gestation reduces both muscle fiber sizes and the formation of intramuscular adipocytes.
pression (Clarke et al., 1997; Wu et al., 1999) . The expression of PPARγ further promotes the expression of C/EBPα, providing a self-reinforcing regulatory loop. Terminal differentiation of an adipocyte requires the concerted action of PPARγ and C/EBP. Peroxisome proliferator-activated receptor γ, but not C/EBPα alone, can stimulate adipocyte differentiation (Rosen et al., 2002) . The basic helix-loop-helix protein, adipocyte determination and differentiation-dependent factor 1/ sterol regulatory element-binding protein 1, is another important protein induced during the early stages of adipogenesis (Kim and Spiegelman, 1996) . This protein can enhance the activity of PPARγ through binding to the response element of PPARγ1 and PPARγ2 promoters. Activation of PPARγ promotes terminal differentiation through the induction of a range of genes important for triglyceride uptake and storage, such as fatty acid-binding protein, acyl-CoA synthetase, fatty acid transport protein-1, lipoprotein lipase, and others (Frohnert et al., 1999; Rosen and MacDougald, 2006) .
Peroxisome proliferator-activated receptor γ is a ligand-activated transcriptional factor. Fatty acids are ligands for PPARγ. However, PPARγ is less responsive to native fatty acids compared with other PPAR family members (Kliewer et al., 1995; Schopfer et al., 2005) ; oxidized fatty acids activate PPARγ with greater potency compared with the native fatty acids (Nagy et al., 1998) . The potency of PPARγ also depends on the releasing or recruiting coactivators and corepressors. To date, no specific coactivators or corepressors for PPARγ have been identified, but many common coactivators and corepressors of the nuclear receptor family can regulate the activity of PPARγ (Castillo et al., 1999; Hummasti and Tontonoz, 2006) . Peroxisome proliferator-activated receptor γ coactivator 1 is an important, highly regulated coactivator that binds to PPARγ in a ligand-independent manner and is highly expressed in brown fat cells compared with white fat cells (Puigserver et al., 1998) .
Maternal nutrition affects adipogenesis within fetal skeletal muscle. We have demonstrated that overnourishment of pregnant ewes by feeding 150% of NRC nutrient requirements (NRC, 1985) enhances adipogenesis in fetal skeletal muscle ). In another study, beef cattle were fed 100, 70, or 70% of NRC (2000) nutrient requirements plus supplementation of ruminal bypass protein from d 60 to 180 of gestation. The steer offspring of the cows fed the 70% nutrient requirement plus supplementation of proteins had numerically less marbling scores compared with steers whose dams were fed 100% of requirements, and the subcutaneous fat thickness was less (P < 0.05, K. R. Underwood, J. Tong, J. Zhao, M. Zhu, B. W. Hess, and M. Du, unpublished results) . These data show not only that global nutrient availability alters adipogenesis, but also that individual nutrients, such as protein, program adipogenesis in fetal muscle.
A limited number of studies have also shown that maternal nutrition changes fibrogenesis in fetal skeletal muscle and affects the collagen content in the skeletal muscle of progeny. Piglets with less birth weight compared with their littermates may have received fewer nutrients in utero than their littermates. When compared with their littermates, grown pigs that had a reduced birth weight had a greater content of collagen in their skeletal muscle (Karunaratne et al., 2005) . Because collagen and connective tissue are the major contributors to the background toughness of meat, more studies on the associations among maternal nutrition, fibrogenesis, and collagen accumulation in offspring muscle are needed.
Long-Term Effect of Fetal Programming on Offspring
Fetal programming has long-term effects on offspring performance. Lambs from dams subjected to nutrient restriction during midgestation were fatter and had a decreased lean-to-fat ratio compared with their counterparts (Zhu et al., 2006) . Piglets with reduced birth weight were fatter and were less efficient at growth compared with normal littermates (Wigmore and Stickland, 1983) .
In addition to muscle fiber numbers, muscle fiber type composition affects the growth potential of offspring. Type I myofibers have greater protein turnover rates and are less efficient for growth, whereas type II myofibers have reduced catabolic rates and exhibit greater growth efficiency (Therkildsen and Oksbjerg, 2009 ). In our study on the offspring of ewes that received 50% of NRC (1985) nutrient requirements from d 28 to 80 of gestation, the ratio of type IIx to type I myofibers was significantly increased in the skeletal muscle of lambs exposed to decreased maternal nutrition (Zhu et al., 2006) . These findings have been confirmed independently (Daniel et al., 2007) .
In addition to maternal undernutrition, maternal overnutrition programs fetal muscle development. Overfeeding of sows from conception to d 50 of gestation was shown to increase offspring fatness at birth, and the muscle fiber type composition of progeny was altered because of maternal nutritional management (Bee, 2004) . Rats born to mothers fed a high-fat diet, either during gestation or during both gestation and lactation, exhibited a 25% reduction in muscle crosssectional area, with approximately 20% fewer fibers compared with pups born to mothers fed a balanced chow diet (Bayol et al., 2005) .
WNT SIGNALING AND FETAL SKELETAL MUSCLE PROGRAMMING
The Wnt family of secreted glycoproteins acts through autocrine or paracrine mechanisms to influence the development of many cell types (Johnson and Rajamannan, 2006 
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of precursor cells (Novakofski, 2004) . Currently, 19 Wnt genes have been described in vertebrates.
The canonical Wnt pathway, a β-catenin-dependent signaling pathway called the Wnt/β-catenin signaling pathway, is the most studied Wnt pathway (Huelsken and Birchmeier, 2001 ). Binding of Wnt to Frizzled proteins activates Disheveled "family" proteins. Disheveled, when activated by Wnt binding (Johnson and Rajamannan, 2006) , inhibits a complex of proteins that includes axin, glycogen synthesis kinase-3 β (GSK-3β), and anaphase-promoting complex, leading to β-catenin accumulation (Polesskaya et al., 2003; Katanaev et al., 2005) . Without Wnt stimulation, the axin/GSK-3β/ anaphase-promoting complex promotes the degradation of the β-catenin through phosphorylation by the protein kinase GSK-3β (Liu et al., 2005) . As a result of the inhibition of the "β-catenin destruction complex," a pool of cytoplasmic β-catenin stabilizes, and some β-catenin enters the nucleus and interacts with members of the T-cell factor/lymphoid enhancer factor family of transcription factors to activate specific target genes (Dierick and Bejsovec, 1999; Hecht and Kemler, 2000) . Therefore, β-catenin plays an essential role in the regulation of embryonic, postnatal, and oncogenic growth of many tissues (Armstrong and Esser, 2005; Mermelstein et al., 2007) . In skeletal muscle, β-catenin regulates the expression of transcription factor Pax3, as well as Gli (Capdevila et al., 1998; Borycki et al., 2000) . Paired box 3 is known to be essential for skeletal myogenesis and acts upstream of MyoD during skeletal muscle development, whereas Gli factors play an essential role in Myf5 expression (Ridgeway and Skerjanc, 2001; Gustafsson et al., 2002) . The expression of MRF is controlled by signals such as Wnt and Sonic hedgehog (Munsterberg et al., 1995; Stern et al., 1995; Petropoulos and Skerjanc, 2002) via Pax3 and Pax7 (Kassar-Duchossoy et al., 2005) . Blocking the β-catenin pathway reduces the total number of myocytes (Pan et al., 2005; Yamanouchi et al., 2007) .
Adipogenesis is also under the control of Wnt signaling. The activity of PPARγ is regulated by GSK-3β and β-catenin of the Wnt signaling pathways (Moldes et al., 2003) . If GSK-3β activity is attenuated, then β-catenin escapes proteasomal degradation, thereby inhibiting expression of PPARγ target genes (Okamura et al., 2009 ). In our previous study in which pregnant ewes were fed 150% of NRC (1985) nutrient requirements, the Wnt/β-catenin signaling was downregulated in fetal muscle from overnourished mothers, which should at least partially be responsible for the downregulation of myogenesis but upregulation of adipogenesis in fetal muscle Zhu et al., 2008) . Activation of the Wnt signaling pathway enhances myogenesis and inhibits adipogenesis in cultured mesenchymal stem cells derived from bone marrow (Figure 2 ; Shang et al., 2007) . Additionally, Wnt signaling may have a role in the regulation of body fat distribution and, to a degree, susceptibility to obesity (Christodoulides et al., 2009 ). In summary, Wnt signaling is crucial for both myogenesis and adipogenesis in fetal muscle (Figure 2) . Because myogenesis occurs a little earlier than adipogenesis, it should be feasible to enhance both myogenesis and adipogenesis by enhancing Wnt signaling during early to midgestation, when myogenesis is occurring in ruminant animals, and by inhibiting Wnt signaling in late gestation, when adipogenesis is active.
FETAL PROGRAMMING AND BEEF CATTLE PRODUCTION
Drought, resulting in a significant reduction in forage production, is common in Rocky Mountain states and many other areas in the United States and around the world (National Weather Service, 1988-1989; United Fetal programming of muscle skeletal development States Geological Survey, 2004) . Because of the seasonal nature of cow reproduction, cows in these regions on forage-based production systems frequently experience nutrient deficiency during pregnancy because of limited forage availability on small farms and ranches, because of poor forage quality, and because nutritional supplementation is rarely used on small farms and ranches during early to midgestation (Thomas and Kott, 1995; Enk et al., 2001; Jensen et al., 2002) . In contrast, nutrient supplementation of cows is often applied during late gestation (i.e., the final 60 to 90 d before calving; Hall, 1997) . The limited availability of forage and its low protein content affect the overall production efficiency of ruminant animals. As discussed previously, periods of maternal nutrient deficiency during pregnancy program fetal skeletal muscle development, potentially reducing muscle fiber numbers and changing the marbling and fatness of offspring cattle.
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Nutrient supplementation of beef cows during early to midgestation has the potential to improve the muscle development and overall production efficiency of offspring. In a recent study, we demonstrated that protein supplementation from d 60 to 180 of gestation enhanced lean growth and the lean-to-fat ratio in offspring (K. R. Underwood, J. Tong, J. Zhao, M. Zhu, B. W. Hess, and M. Du, unpublished results) . Another approach to enhance adipogenesis in fetal muscle is to improve pasture conditions. In a recent study, cows were assigned either to improved pasture (n = 8) or to native range pasture (n = 7) from 120 to 150 d through 180 to 210 d of gestation. The native range pasture had an average CP of 6.7% and the improved pasture, consisting of irrigated pastures with increased forage production, had an average CP of 8.9%. The chemical ether extract (i.e., fat content) of the LM at the 12th rib was increased (P = 0.06) and adipose tissue cell numbers per field were greater (P = 0.09) in the steers born to mothers grazing improved pasture compared with the steers born to cows maintained on native range pasture . Although these results need to be confirmed and expanded, they indicate that intramuscular adipogenesis and marbling can be increased through improving the plane of nutrition during gestation-in this case, by improving pasture conditions. Developmental programming can also be extended to the postnatal management of cattle, for example, to the production of grass-fed beef. Grass-fed beef contains greater ratios of unsaturated fatty acids, especially n-3 fatty acids, which are beneficial to human health (Mann et al., 2003; Ponnampalam et al., 2006) . In addition, grass-fed beef is produced naturally and has minimal environmental impacts. As a result, interest in grass-fed beef by both consumers and producers is increasing nationwide. However, the poor flavor of grass-fed beef is the major problem hampering its wide acceptance (Mandell et al., 1998; Sitz et al., 2005) . The flavor of beef steak mainly comes from intramuscular fat (i.e., marbling), and grass-fed beef lacks marbling, which decreases the flavor derived from fat and reduces its juiciness. Therefore, if we can effectively enhance marbling in grass-fed beef, we can significantly improve its palatability, further expanding this segment of the beef industry.
Grass-fed beef cattle need to be fed a forage-based diet because it is not practical to use dietary grain supplementation to enhance marbling in this production management system. However, marbling is correlated with the number of adipocytes in skeletal muscle. Increased adipogenesis in fetal muscle leads to an increase in the number of intramuscular adipocytes. These intramuscular adipocytes accumulate fat during postnatal growth, forming marbling. Because grass-fed cattle are not fed a grain-based diet during "fattening" that induces adipocyte hypertrophy, it is less likely that adipocyte size will increase dramatically during the "finishing" phase of grass-fed cattle. Therefore, maternal nutritional management, to increase adipogenesis in fetal muscle, is an alternative and may be the only choice to enhance marbling in grass-fed beef cattle. Our preliminary studies have demonstrated that the fetal stage is crucial for the formation of intramuscular adipocytes, and their formation (i.e., adipogenesis) can be enhanced effectively through maternal nutritional supplementation . Because producers of grass-fed beef usually are also cow-calf operators, these producers are in a unique position to manage maternal nutrition to increase intramuscular fat in calves.
Nutritional management to enhance marbling in beef cattle will be more effective at earlier stages of development because of the presence of an abundant amount of multipotent cells in skeletal muscle, which wanes as animals mature . Therefore, the effectiveness of nutritional management on altering marbling is fetal stage > neonatal stage > early weaning stage (i.e., 150 to 250 d of age) > weaning and older stages (Figure 3) . After 250 d of age, nutritional supplementation becomes less effective in increasing the number of intramuscular adipocytes because of the depletion of multipotent cells, although the size of existing intramuscular adipocytes can be increased and is the major reason for the enhancement in marbling during fattening. Studies in humans show that after childhood, the total number of adipocytes is maintained at a relatively constant level (Spalding et al., 2008) . Currently, the marbling window, or the period of time when nutritional management of cattle can enhance marbling, is between 150 and 250 d after birth, which corresponds to the early weaning stage (Wertz et al., 2001 (Wertz et al., , 2002 Pyatt et al., 2005a,b; Corah and McCully, 2007) . There are studies indicating that early weaning and feeding grain, especially a cornbased diet, increases marbling (Wertz et al., 2001 (Wertz et al., , 2002 Pyatt et al., 2005a,b) . Nutritional supplementation of calves earlier than 150 d of age is more difficult because calves are nursing and consuming significant quantities of milk during this time. On the other hand, fetal stages of development provide a unique, and perhaps the best, window for nutritional management. This is due to at least 3 advantages: 1) an abundant pool of multipotent cells exists in fetal muscle; 2) fetal nutrients are derived from the maternal circulation, allowing the potential for these increased maternal-supplemented nutrients to be transferred effectively to the fetus, thus promoting adipogenesis in fetal muscle; and 3) this stage is a very convenient one for cow-calf producers to manage their cows nutritionally.
Conclusion
Available studies clearly show that maternal nutrition affects fetal skeletal muscle development, exerting longterm effects on the growth performance of offspring. Maternal undernutrition during fetal development reduces skeletal muscle fiber numbers, alters muscle fiber composition, increases fatness, and reduces the growth performance of progeny. Proper nutrient supplementation, however, improves fetal skeletal muscle development and adipogenesis in fetal skeletal muscle, thereby enhancing marbling in progeny. Wingless and Int signaling has a crucial role in regulating the differentiation of mesenchymal stem cells in fetal skeletal muscle into myocytes, adipocytes, and fibroblasts. Such differentiation involves a complex relationship with the level of maternal nutrition, which remains to be elucidated. Future studies should focus on identifying the underlying mechanisms associated with fetal programming of skeletal muscle development. For beef production, additional studies on maternal nutritional supplementation, especially gestation-stage-specific supplementation, on marbling and growth performance in offspring are likely to prove very beneficial in management to improve the growth efficiency of cattle and the eating quality of beef. 
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